The ability of the isolated perfused rat liver to differentiate between chylomicrons and remnants with either high or low apoprotein E:C ratios was investigated. Remnants were prepared in hepatectomized rats i jected with chylomicrons double-labeled with [3H]cholesterol and "'C-labeled fatty acids. By densitometric scanning of polyacrylamide gels, the apoprotein E:C ratio of the chylomicrons was 0.8 and that of the remnants was 1.5. When livers were perfused with these lipoproteins in a recirculatory system for 4 min, uptake of remnants was about 3-fold greater than that of chylomicrons. Preparation of remnants as well as chylomicrons with a low apoprotein E:C ratio was achieved by (i) removal of all apoproteins from the surface of the lipoproteins by trypsin digestion, followed by (it) transfer of soluble apoproteins from serum lipoproteins to the apoprotein-free particles. The apoprotein E:C ratio of the reconstituted lipoproteins was decreased from 1.5 to 0.3 for remnants and from 0.8 to 0.2 for chylomicrons. In spite of these changes in apoprotein E:C ratios, the hepatic uptake of the reconstituted lipoproteins with low apoprotein E:C ratios was similar to their unmodified controls. These results indicate that the hepatic discrimination between chylomicrons and remnants is not determined by the relative amounts of apoproteins E and C on the surface of the lipoproteins.
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The ability of liver cells to differentiate between chylomicrons and chylomicron remnants has been well documented in studies carried out in vivo, with isolated perfused livers and isolated cells (1) (2) (3) (4) (5) (6) (7) (8) (9) . These studies have shown that chylomicron remnants, but not intact chylomicrons, are recognized and taken up at a rapid rate by liver cells. The hepatic uptake of remnants apparently involves the binding of the particle to receptors on the liver cell surface, followed by internalization of the whole remnant by the cell (5, 6, 10) . Liver cells possess receptors capable of binding apoprotein E-carrying lipoproteins, and the evidence presently available suggests that it is apoprotein E on the surface of remnants that mediates the recognition and uptake of these particles (11, 12) . It is noteworthy, however, that intact chylomicrons also possess apoprotein E on their surface but are not taken up by the liver. The question therefore arises as to how the liver cell receptor recognizes the apoprotein E on the remnants and not the apoprotein E on the chylomicrons. It has been documented that in the process of being degraded to remnants, chylomicrons decrease in size and lose surface phospholipids and apoproteins A-I, A-IV, and C (13, 14) . Since the smaller size of remnant particles apparently cannot account for their preferential hepatic uptake (6), it is reasonable to assume that one or more of the alterations that occur on the surface of chylomicrons during their degradation to remnants facilitate the recognition and binding of apoprotein E to the receptor.
Two hypotheses have been proposed to explain how alterations in the chylomicron surface components may result in the recognition of apoprotein E by liver cell receptors. The first hypothesis ascribes a major role to the surface phospholipids (8, 15) . According to this hypothesis, in intact chylomicrons the binding of apoprotein E to its receptor is inhibited by the surface phospholipids. As the chylomicrons lose phospholipids during their transformation to remnants, the apoprotein E that is conserved in the partially degraded particle becomes more readily accessible for binding to the receptors. The second hypothesis proposed to explain how liver cells differentiate between chylomicrons and chylomicron remnants ascribes a major role to the C apoproteins. This hypothesis was put forward on the basis of observations that the hepatic uptake of apoprotein E-containing lipid emulsions or chylomicrons can be inhibited by the addition of an excess of one or more of the C apoproteins to the particles (16) (17) (18) (19) . As a result of these observations it was suggested that the amount of apoprotein E relative to apoprotein C on the surface of triglyceride-rich lipoproteins may determine the recognition of these particles by the liver cell receptor (20) . Thus, lipoproteins with a low apoprotein E:C ratio (e.g., chylomicrons) would not be readily taken up by the liver, whereas lipoproteins with a high apoprotein E:C ratio (e.g., remnants) would be taken up at a rapid rate. No direct evidence is available, however, demonstrating that the recognition and uptake of remnants by the liver is in fact determined by their relative content of apoproteins E and C.
In the present study we investigated how altering the apoprotein composition of remnants from a high to a low apoprotein E:C ratio might affect their uptake by the liver. The results obtained indicate that the hepatic recognition and uptake of remnants is not determined by the amounts of apoprotein C relative to apoprotein E on the surface of the particles. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. traperitoneally) and then hepatectomized and eviscerated as described by Redgrave (1) . The animals were then injected with the double-labeled chylomicrons (100 mg of triglyceride) through a tail vein and after 40 min they were exsanguinated through the abdominal aorta. The blood was allowed to clot, and the serum was separated by centrifugation and its density was raised to 1.019 g/ml by the addition of NaCl. This serum was layered under an equal volume of an NaCl solution of density 1.019 g/ml and spun in an SW27 rotor at 25,000 rpm for 18 hr at 16'C in a Beckman model L5-75 preparative ultracentrifuge. The floating layer of remnants was harvested, redispersed as described above, and then dialyzed against Krebs/Ringer bicarbonate buffer (pH 7.4).
MATERIALS AND METHODS
Trypsin Treatment. Twice-recrystallized bovine pancreatic trypsin (type III; Sigma) was solubilized in 0.05 M barbital buffer (pH 8.1) and added to the chylomicrons or remnants at a concentration of 1.5 mg of trypsin per 1 mg of cholesterol. The proteolysis was carried out for 2 hr at room temperature. The enzymic reaction was stopped by the addition of soybean trypsin inhibitor (type I-S; Sigma) also in 0.05 M barbital buffer (pH 8.1) at 1.5 times the trypsin concentration. The control chylomicrons and remnants were incubated with premixed trypsin and trypsin inhibitor.
Reconstitution of Chylomicrons and Remnants. After treatment with trypsin the apoprotein-free chylomicrons and remnants formed were allowed to reacquire apoproteins by transfer from other lipoproteins. This was achieved by incubating trypsin-treated chylomicrons and remnants with remnant-free serum (1.5 ml/1 mg of cholesterol) for 20 min at 37°C in a shaking water bath. The controls were incubated with saline. After incubation chylomicrons and remnants were purified by chromatography using columns (50 x 1.4 cm) of 2% agarose (Bio-Gel A-50 m, 50-100 mesh; Bio-Rad) equilibrated and eluted with 0.1 M NaCl (pH 7.0) containing 3% glycerol. Both the chylomicrons and remnants eluted with the void volume of the column. Aliquots of the eluted lipoprotein preparations were then dialyzed against water (for electrophoresis) or Krebs/Ringer bicarbonate buffer (for liver perfusions). Remnant-free serum was prepared by raising the density of rat serum to 1.019 g/ml by the addition of NaCl followed by centrifugation in an SW27 rotor at 25,000 rpm for 18 hr at 16°C. The lipoproteins that floated to the top of the tube were aspirated and discarded. The remaining remnant-free serum was dialyzed against Krebs/ Ringer bicarbonate buffer.
Liver Perfusion. The technique for liver perfusion was essentially that described by Hems et al. (22) . The basic perfusion medium was Krebs/Ringer bicarbonate buffer (pH 7.4), continuously gassed with 02/CO2, 19:1 (vol/vol), containing 3% bovine serum albumin (Sigma) and 1 mg of glucose per ml. Chylomicrons or remnants were added to 30 ml of this medium at a concentration of 8.7 pg of cholesterol per ml.
Livers were first perfused without recirculation for 2 min with the basic medium to remove blood from the preparation. This was followed by a 4-min recirculatory perfusion with the various lipoprotein preparations and finally a 2-min perfusion, with the basic medium, without recirculation to wash out lipoproteins that might have been trapped in the sinusoidal spaces. After the washing the livers were blotted and weighed and 1-g samples were taken for analyses. All livers were perfused at a flow rate of 14 ml/min.
Other Procedures. The determination of radioactivity incorporated into the perfused livers was carried out as described (15) . For the polyacrylamide gel electrophoresis, aliquots of the preparations that had been purified by column chromatography were dialyzed against water, lyophilized and then delipidized with cold diethyl ether. Electrophoresis was on 7.5% gels containing 0.1% sodium dodecyl sulfate.
Triglyceride and cholesterol were measured according to the procedures of Fletcher (23) imals were bled and the remnants were separated from the serum by flotation at a density of 1.019 g/ml. Compared to chylomicrons the isolated remnants were depleted of triglyceride and enriched in cholesterol. Thus, the triglyceride:cholesterol mass ratio of the remnants was 32.5 compared to a ratio of 90 of the injected chylomicrons. The apoprotein composition of the chylomicrons and remnants is shown in Fig. 1 . Note that the amount of protein equivalent applied to the remnant gels (185 gg of cholesterol) was greater than that applied to the chylomicron gels (110 Ag of cholesterol). In agreement with other investigators (13, 14) , compared to chylomicrons (gel 1), remnants (gel 4) were depleted of apoproteins A-I and A-IV. Also the amount of apoprotein C was decreased compared to apoprotein E, as shown by densitometric scanning; the apoprotein E:C ratio of the chylomicrons was 0.8 and that of the remnants was 1.5.
To modify the apoprotein composition of the remnants we used a procedure described in studies with chylomicrons (25) (26) (27) . This procedure involves as a first-step treatment of the lipoproteins with trypsin or Pronase. This results in the complete removal of the apoproteins from the surface of the particles, which otherwise remain intact. The second step involves incubation of the apoprotein-free particles with other lipoproteins. This results in the transfer of apoproteins from the lipoproteins to the apoprotein-free particles. The results obtained when remnants and chylomicrons were subjected to this treatment are shown in Fig. 1 . Remnants (gel 5) like chylomicrons (gel 2) were completely stripped of their apoproteins by treatment with trypsin. As shown with chylomicrons (25), trypsin treatment did not affect the lipid composition of the particles (the triglyceride:cholesterol mass ratio of chylomicrons and remnants remained 90 and 32.5, respectively), their size, or spherical shape (data not shown).
Confirming previous observations (27) , when apoproteinfree chylomicrons were incubated with remnant-free serum they reacquired apoproteins A-I, A-IV, E, and C but not apoprotein B. Under the conditions used the apoprotein composition of these reconstituted chylomicrons was quantitatively different from the original particles. By densitometric scanning the apoprotein E:C ratio of the reconstituted chylomicrons, for example, was 0.2 compared to 0.8 in the untreated chylomicrons. Apoprotein-free remnants also acquired apoproteins A-I, A-IV, E, and C when incubated with remnant-free serum (gel 6). The identification of the C apoproteins in the reconstituted particles was confirmed by isoelectric focusing (results not shown). The important finding was that the apoprotein composition of the reconstituted remnants was quite different from the untreated remnants (gel 4). It resembled, and in fact was almost indistinguishable from, the reconstituted chylomicrons (gel 3). The apoprotein E:C ratio of the reconstituted remnants was 0.3 compared to 1.5 in the untreated particles. As a control in these studies, remnants that had not been treated with trypsin were incubated with remnant-free serum and reisolated under the same conditions as the trypsin-treated particles. In gel 7 it is shown that the apoprotein composition of the untreated remnants was not altered by exposure to other lipoproteins. It is noteworthy that the chylomicrons and remnants that were incubated with remnant-free serum (gels 3, 6, and 7) gained proteins in the region above apoprotein A-IV. These proteins that have not yet been well characterized are normally found associated with triglyceride-rich lipoprotein (28) . The acquisition of these proteins had no effect on the metabolic fate of these particles (see below).
Hepatic Uptake of Reconstituted Remnants. To investigate whether the hepatic recognition of remnants is affected by their apoprotein composition, the lipoproteins whose electrophoresis patterns are shown in Fig. 1 were perfused through isolated rat livers. Thirty milliliters of perfusion medium containing control or reconstituted chylomicrons or remnants double-labeled with [3H]cholesterol and 14C-labeled fatty acids were recirculated through the livers for 4 min. As the rate of perfusion was 14 ml/min, the lipoproteins underwent only about two passages through the livers. The short perfusion time was chosen to minimize possible alterations in the composition of the particles during recirculation through the livers. The results obtained are shown in Fig. 2 . In each group the percentages of perfused 3H and '4C labels recovered in the livers at the end of the perfusions were similar, indicating that the particles were removed intact from the perfusion medium. Under the conditions used about 6% of the control chylomicrons (Fig. 1, gel 1) were taken up by the livers. The uptake of the reconstituted chylomicrons (Fig. 1, gel 3) was not significantly different from that of the control chylomicrons. In agreement with other reports (3, 4, 9, 18) , the uptake of control remnants (Fig. 1, gel 4 ) was significantly greater (P < 0.001) than that of control or reconstituted chylomicrons. The important finding was that the hepatic uptake of the reconstituted remnants with a low apoprotein E:C ratio (similar to that of reconstituted chylomicrons) was essentially the same as that of control remnants with a high apoprotein E:C ratio.
DISCUSSION
The removal of apoproteins from the surface of chylomicrons by proteolytic digestion has proven to be a useful method to investigate the role of apoproteins in the catabolism of these lipoproteins in vitro and in vivo (25) (26) (27) . Except for the loss of apoproteins, protease-treated chylomicrons remain intact and are capable of reacquiring all of their lost soluble apoproteins. Such reconstituted particles have been shown to be metabolically similar to intact chylomicrons (25, 27) . In the present study, we used this experimental approach to investigate the role of apoproteins in the hepatic recognition of chylomicrons and remnants. The results obtained showed that, as with chylomicrons (Fig. 1, gel 2 " ' ANIP, pletely stripped of their apoproteins (Fig. 1, gel 5) . Further, apoprotein-free remnants, like apoprotein-free chylomicrons, reacquired soluble apoproteins on incubation with other lipoproteins (Fig. 1, gels 3 (26) , these differences in apoprotein content had no apparent effect on the metabolic fate of the lipoproteins. Thus, the hepatic uptake of the reconstituted chylomicrons was similar'to that of the unmodified chylomicrons (Fig. 2) . The mechanisms of exchange of apoproteins between lipoproteins are not known. Of importance to this study was the finding that remnants and chylomicrons once stripped of all of their apoproteins showed similar affinities for binding apoproteins E and C as well as apoproteins A-I and A-IV. Thus, remnants with an initial high apoprotein E:C ratio when reconstituted had a low apoprotein E:C ratio similar to that of reconstituted chylomicrons. The formation of remnants with a low apoprotein E:C ratio allowed us to investigate the role that these apoproteins play in the hepatic differentiation between chylomicrons and remnants.
Current evidence regarding the mechanism of hepatic recognition and uptake of chylomicron remnants ascribes a major role to the surface apoprotein E, which binds to a specific hepatocyte receptor (11, 12) . Evidence is also available that addition of purified rat and human C apoproteins (e.g., C-I, C-II, C-III-0, C-III-1, C-III-2, C-III-3) to rat chylomicrons or lipid emulsions inhibits the uptake of these particles by the perfused liver (16) (17) (18) (19) . Based on these latter studies, it has been suggested that the affinity of remnants for hepatocyte receptors is due not only to their relative enrichment of apoprotein E but also to their relative depletion of C apoproteins (20) . In the present study, we modified the apoprotein E:C ratios of both chylomicrons and remnants and compared their hepatic uptake in a recirculatory perfusion system to that of unmodified particles. As expected, unmodified chylomicrons (Fig. 1, gel 1) were taken up less readily than unmodified remnants (Fig. 1, gel 4) . After 4 min of recirculatory perfusion (about two passages of the perfusing medium) >20% of the remnants and only about 6% of the chylomicrons were taken up (Fig. 2 ). These two groups had apoprotein E:C ratios of 1.5 and 0.8, respectively. Trypsin treatment of chylomicrons and remnants followed by incubation with remnant-free serum yielded particles with similar apoprotein E:C ratios: 0.2 for chylomicrons and 0.3 for remnants (Fig. 1, gels 3 and 6 ). In spite of these similar apoprotein E:C ratios, the hepatic uptake of the reconstituted remnants was significantly higher than that of reconstituted chylomicrons and indeed as high as that of unmodified remnants. In summary, reconstituted chylomicrons were taken up by the liver at the same low rate as unmodified chylomicrons and the reconstituted remnants were taken up at the same high rate as unmodified remnants. It is particularly noteworthy that the rapid uptake of reconstituted remnants occurred even though their apoprotein E:C ratio (0.3) was one-fifth that of the unmodified particles (1.5). In addition, the rate of uptake of the reconstituted particles was not lessened by a substantial decrease in their absolute amounts of apoprotein E (compare gels 4 and 6) .
The present data are consistent with the important role ascribed to apoprotein E in the hepatic recognition and uptake of remnants. They do not, however, support the hypothesis that the relative amounts of apoproteins E and C on the surface of chylomicrons and remnants is an important determinant in the hepatic discrimination between these particles. The greater affinity of remnant apoprotein E for the liver receptor must be due to a surface modification other than apoprotein C depletion, which occurs during the transformation of chylomicrons into remnants. Previous work from this laboratory (8, 15) provided evidence that suggested that differences in amounts and composition of phospholipids on the surface of chylomicrons and remnants determines the recognition of their apoprotein E by the liver receptor. The present findings are consistent with this suggestion.
Not directly related to the main purpose of this investigation, the results of this study confirm a previous finding (27) that apoprotein B is not required for the hepatic recognition of remnants. The results in Fig. 2 show that the hepatic uptake of apoprotein B-free remnants was no different from that of control remnants.
